The epigenetic status of germ cells changes dynamically during development. In this study, we analyzed the dynamics of histone H3 lysine 9 dimethylation (H3K9me2), a highly conserved mark of epigenetic silencing, and the expression of two lysine methyltransferases, G9a/Ehmt2/KMT1C and GLP/ Ehmt1/KMT1D, in murine male embryonic germ cells after sex determination. Our previous studies established that G9a and GLP are the primary enzymes for H3K9me2 and predominantly exist as a G9a-GLP heteromeric complex that appears to be a functional H3K9 methyltransferase in vivo. During the period from Embryonic Day (E) 13.5 to E18.5 in mice, gonadal H3K9me2 levels were substantially lower in germ cells than in cells of nongerm lineage. Immunohistochemical analysis showed that during this phase in development, GLP level, but not G9a level, was also significantly lower in male germ cells. However, GLP mRNA was present in E13 and E16 male germ cells, with levels similar to those in cells of nongerm lineage. Interestingly, GLP is upregulated in embryonic male germ cells deficient for Nanos2, which encodes a germ cell-specific RNA-binding protein. Our data suggest that GLP protein expression is posttranscriptionally regulated in murine embryonic male germ cells after sex determination and that low H3K9me2 level results from the absence of GLP (severe reduction of the G9a-GLP heteromeric complex).
INTRODUCTION
The germ cell is a unique cell type in multicellular organisms, because it contributes to the next generation of a species. Furthermore, it is the only cell that undergoes meiosis to generate haploid gametes.
Germ cell development is well organized, and its processes have been extensively characterized in mouse. Unlike in worm or fly, germ lineage specification in mouse is not determined immediately after fertilization [1] [2] [3] , and this cell lineage appears as primordial germ cells (PGCs) after implantation [4] . PGCs are detected at first as a small cluster of alkaline phosphatase-positive cells around Embryonic Day (E) 7.5 [5] . After their appearance, PGCs migrate into the hindgut and finally reach the genital ridges at E10.5 [4] . Once the sex is established, PGCs initiate developmental programs for spermatogenesis or oogenesis depending on the sex of the embryo [6] . During oogenesis, meiosis is initiated at E13.5 and arrested before birth in the middle of the first meiotic cell division. After birth, the oocyte cytoplasm matures, and meiosis is reinitiated by hormone stimulation after adult sexual development has commenced. Oocyte meiosis is again arrested in the middle of the second meiotic cell division during ovulation and is finally completed after sperm-egg fusion (fertilization) [7] . In male germ cell development, germ cells divide a number of times, after which they stop growing until birth. In neonates, germ cells restart mitotic cell division and become the undifferentiated spermatogonia known as stem cells. Once they reach the differentiated spermatogonia stage, at which they have no potential to self-renew, the cells generate primary spermatocytes. The spermatocytes undergo meiosis to give rise to haploid round spermatids, which develop into elongated spermatids and finally mature sperm [8] .
Because germ cells have to erase epigenetic information of parental and early embryonic stages to establish new parental and germ cell-specific cellular memories, epigenetic information changes dynamically during development [9] . For example, DNA cytosine methylation and histone H3 lysine 9 dimethylation (H3K9me2) levels decrease and H3K27me3 level increases significantly during PGC development [10] [11] [12] . In the adult testis, H3K9me2 level is low in the undifferentiated spermatogonia and is increased in the differentiated spermatogonia [13] . It decreases again during meiosis in the pachytene stage of spermatocytes [14] [15] [16] . Expression of the regulating enzymes for such epigenetic marks also changes dynamically [11, [17] [18] [19] .
A widely distributed epigenetic mark in euchromatic regions, H3K9me2 is generally linked with transcriptional repression. Our previous studies found that G9a (G9a/Ehmt2/ KMT1C) and GLP (GLP/Ehmt1/KMT1D) are the primary enzymes for H3K9me2 in mice and predominantly exist as a G9a-GLP heteromeric complex that appears to be a functional H3K9 methyltransferase in vivo [20] [21] [22] . The G9a-GLP complex-mediated regulation of H3K9 methylation seems to be crucial for germ cell development [14] . Thus far, H3K9me2 levels have not been well characterized in embryonic germ cells after sex determination, a developmental stage at which the cell cycle is arrested and paternal genomic imprinting is established. Therefore, in the present study, we focused on H3K9me2 and its regulation during this developmental stage. Immunohistochemical (IHC) and gene expression analyses showed that H3K9me2 is continuously maintained at a low level, possibly due to a posttranscriptional regulation of GLP expression. Posttranscriptional gene regulation plays a crucial role in various biological processes in mice, including germ cell development [23] [24] [25] . The results reported here may represent another example of posttranscriptional gene regulation controlling germ cell development or function.
MATERIALS AND METHODS

Preparation of Embryos
All animal experiments were performed under the animal ethical guidelines of Kyoto University. C57B6 mice were used as wild-type (WT) mice. Nanos2 knockout (KO) mice [26] , Dicer1 hypomorphic mutant mice [27] , and transgenic (TG) mice expressing exogenous Flag-tagged GLP described below were also used. Noon of the day when the vaginal plugs of mated females were identified was scored as E0.5. Embryos at different developmental stages were obtained from the pregnant female mice.
IHC Staining and Microscopy
Embryonic testes were fixed in 4% paraformaldehyde/PBS for 1 h at 48C, then washed twice in 13 PBS for 5 min each time. After the washes, tissues were sunk in 10% sucrose/PBS at 48C for 1 h and then in 20% sucrose/PBS for 5 min each time at 48C overnight, embedded in OCT compound (Sakura), and cryosectioned (section thickness, 12 lm). Cryosections were washed twice in 13 PBS and incubated with 3% bovine serum albumin in Tris-buffered saline at room temperature for 1 h. The sections were stained with the primary antibodies mouse anti-H3K9me2 clone 6D11 [28] , anti-G9a A8620A (Perseus Proteomics), anti-GLP B0422 (Perseus Proteomics), anti-FLAG M2 (Sigma), and rabbit anti-Ddx4/MVH ab13840 (Abcam) at 48C overnight. The sections were then washed twice with 13 PBS for 5 min each time and stained with the secondary antibodies goat Alexa 488-conjugated anti-rabbit immunoglobulin (Ig) G A11034 and Alexa 568-conjugated anti-mouse IgG A11031 (both from Invitrogen). IHC-stained sections were analyzed using a confocal microscope (Leica).
Quantification of H3K9me2 and GLP Immunofluorescence in Germ and Somatic Cells
Fluorescent signal intensities from H3K9me2 and GLP immunofluorescence in germ and somatic cells were quantified using ImageJ software (National Institutes of Health). For this purpose, signal intensities of the nuclear area were measured (n . 15). Based on the mean values, signal intensity ratios (germ cell:somatic cell) were calculated.
RNA Expression Analysis
Embryonic germ cells and somatic cells were isolated at specific stages from the Oct4-EGFP mouse [29] . The RNA purified from these populations was reverse transcribed. Levels of GLP, G9a, and MVH expression were examined by quantitative PCR (qPCR) using SYBR Green (Takara) and realtime PCR (Applied Biosystems) according to the manufacturers' instructions. Primer sequences used for the PCR analyses were as follows: GLP, 5 0 -GGCAC CTTTGGTTGATTTCTAAG and 5 0 -GTAGAGACCACACCAGATTCAGC; G9a, 5 0 -CTTCTTCAGCTCCAGGGACATC and 5 0 -GAATGCTTGCACT TCTCAGAGC; MVH, 5 0 -GAAACAGTAGAGACTGAAGCCTTTC and 5 0 -CATACCACCAAGTACAAAGCTCAC; and Gapdh, 5 0 -ATGAATACGGCT ACAGCAACAGG and 5 0 -CTCTTGCTCAGTGTCCTTGCTG. Expression levels were normalized with that of Gapdh. The expected sizes of PCR products are 143 bp (GLP), 123 bp (G9a), 106 bp (MVH), and 105 bp (Gapdh).
Engineering of GLP-TG Mice
The Rosa26 33Flag-GLP allele (GLP-TG) was constructed as reported by Stenman et al. [30] . First, 33Flag-GLP was inserted into a vector containing the splice acceptor sequence (SA)-puromycin resistance gene, a CAG promoter, and a floxed primary stop cassette containing three polyadenylation sequences (Stop) from SV40. Next, this plasmid was digested with Pac1 and Asc1, and the Pac1-Asc1 fragment containing the above-mentioned transgene construct was subcloned into the pRO-SA26PAS vector (see Supplemental Fig. S2 ; all Supplemental Data are available online at www.biolreprod.org). The final plasmid was linearized with Asc1 and introduced into M1 embryonic stem cells by electroporation. After puromycin selection, positive cells in which the 33Flag-GLP vector was targeted to the Rosa26 locus were identified and checked by PCR using the following primer sets: Rosa26-5armFlanking, 5 0 -CCTAAAGAAGAGGCTGRGCTTTGG, and Rosa26-SA, 5
0 -CATCAAGG AAACCCTGGACTACTG. Positive cells were injected into blastocysts.
Mice and embryos containing the GLP-TG allele were genotyped using the following primers: R523, 5 0 -GGAGCGGGAGAAATGGATATG; R1295, 5 0 -GCGAAGAGTTTGTCCTCAACC; and R26F2, 5 0 -AAAGTCGCTCTGAGTT GTTAT. For deletion of the pA, we crossed GLP-TG mice with VASA-Cre TG mice [31] .
RNA Expression Microarray Analysis
Total RNA from WT and GLP-TG embryonic gonad at E18.5 (n ¼ 2) was purified by Sepasol-RNA I (Nacalai Tesque). The labeled samples were hybridized to a Mouse Genome 430A 2.0 Microarray (Affymetrix). The obtained microarray data were analyzed using GeneSpring 12 (Agilent Technologies).
RESULTS
H3K9me2 Is Maintained at Low Levels in Embryonic Male Germ Cells after Sex Determination
We examined the H3K9me2 status in murine embryonic male germ cells (Fig. 1) . MVH (mouse vasa homologue)/Ddx4 was used as a marker for germ cells. IHC staining showed that from E14.5 to E18.5, H3K9me2 levels in germ cells (MVHpositive cells in Fig. 1 ) were much lower than those in the surrounding somatic cells (MVH-negative cells). This status was maintained until birth (not shown), consistent with the findings of a previous study [26] .
Strong Reduction of GLP in Embryonic Male Germ Cells
To elucidate the molecular mechanism of low H3K9me2 in embryonic male germ cells, we first examined the expression of the H3K9 methyltransferases G9a and GLP. G9a and GLP have been reported to be downregulated in PGCs around E9.0 and E7.0-7.75, respectively [11] . As shown in Figure 2A , G9a levels in embryonic male germ cells (MVH-positive cells) were stronger than those in the surrounding somatic cells (MVHnegative cells) from E14.5 to E18.5 (particularly at E16.5 and E18.5). However, in contrast to G9a, GLP levels were significantly lower in male germ cells (again more obvious at E16.5 and E18.5) in comparison with the levels in surrounding somatic cells (Fig. 2B ). G9a and GLP exist mostly as a heteromeric complex, which functions as an H3K9 methyltransferase in vivo [21] . Therefore, the immunostaining data suggest that low H3K9me2 stems from a severe reduction of the functional H3K9 methyltransferase complex G9a-GLP.
GLP mRNA Levels Are Similar in Embryonic Male Germ and Somatic Cells
The downregulation of GLP in PGCs around E7.5 is concomitant with suppression of GLP mRNA [17, 18] . We DEGUCHI ET AL. therefore speculated that the low GLP expression in embryonic male germ cells observed at E14.5-E18.5 originated at the transcriptional level. To test this possibility, male germ and nongerm gonadal cells at E13, E16, and Postnatal Day 0 (P0) were isolated by cell sorting from Oct4-EGFP TG mice [29] , after which the mRNA expression of GLP, G9a, and the germ cell-specific gene MVH was determined (Fig. 3) . As expected, germ cells were highly enriched with the MVH transcript at E13-P0 (Fig. 3C) . On the other hand, G9a mRNA expression was similar in both E13 germ and somatic gonadal cells but was significantly upregulated in E16 and P0 germ cells, consistent with the G9a protein expression profiles at E16.5-E18.5 ( Fig. 2A) . Interestingly, the GLP transcript was detected at similar levels in germ and somatic gonadal cells at E13-P0 (Fig. 3A and Supplemental Fig. S1 ), which was unexpected given the GLP protein expression shown in Figure 2B . These data suggest that low GLP protein expression in embryonic male germ cells is regulated by a posttranscriptional mechanism.
Engineering of Exogenous GLP-TG Mice
Immunostaining and RNA expression analyses suggest that low GLP in embryonic male germ cells is regulated after transcription. We hypothesized that two potentially critical steps exist in posttranscriptional regulation; one before and during translation and the other at the level of degradation. If translational regulation is involved, a potential target for this regulation would be the 5 0 -or 3 0 -untranslated region [32, 33] . To test this possibility, we generated Flag-GLP-TG mice in which exogenous GLP cDNA without its 5 0 -or 3 0 -untranslated regions is expressed from an artificial CAG promoter (Supplemental Fig. S2 ). We introduced a lox P-Stop-lox P sequence between the CAG promoter and the Flag-GLP cDNA. The exogenous Flag-GLP is only expressed once the Stop sequence has been deleted by lox P-Cre recombination. Exogenous Flag-GLP was ubiquitously expressed in TG mice after deletion of the Stop sequence ( Fig. 4B and Supplemental  Fig. S3A ). The expression level of Flag-GLP in somatic cells was approximately two-or threefold higher than that of endogenous GLP (Fig. S3B) . We also checked the impact of exogenous GLP expression on transcription. DNA expression microarray and RT-qPCR analyses in E18 male gonadal cells (n ¼ 2) showed that 108 genes (out of ;14 000 genes) were upor downregulated more than twofold in GLP-TG-positive (TGþ) samples (Supplemental Table S1 , A and B, and Supplemental Fig. S4 ). Included in this list was GLP, which was expressed approximately sixfold higher (endogenous and exogenous) in the TGþ gonad (Supplemental Fig. S4 ). 
POSTTRANSCRIPTIONAL REGULATION OF GLP
However, other known H3K9 methylation-regulating molecules were not identified as up-or downregulated (Supplemental Table S1 ).
We next examined the expression of GLP (a mixture of both endogenous and exogenous GLP or exclusively exogenous GLP) in embryonic male germ (MVH-positive) and nongerm (MVH-negative) cells in a TGþ or GLP-TG-negative background (Fig. 4, A and B) . Consistent with high GLP RNA expression in TGþ gonadal cells, gross GLP signal intensities were increased in TGþ gonadal sections. When the signal intensities of GLP were compared between germ and nongerm cells, the GLP signal ratio was clearly decreased in the TGþ background (particularly obvious at E18.5), suggesting that protein expression of GLP had recovered in the TGþ male germ cells. Anti-Flag antibody staining also revealed that exogenous GLP was present at similar levels in germ and nongerm cells (Fig. 4B, TGþ panels) . If the transgene is similarly transcribed in germ and nongerm cells, these data strongly indicate that the exogenous GLP transgene is not subjected to posttranscriptional regulation. Consistent with the increased GLP protein expression in male germ cells in TGþ embryos, H3K9me2 levels were also substantially increased but were not as high as those in the surrounding somatic cells (Fig. 4, C and D) (again more obvious at E18.5). These TG studies support our idea that the downregulation of GLP in embryonic male germ cells is controlled at the posttranscriptional level and that low H3K9me2 stems from low GLP protein (G9a-GLP complex) production.
GLP Protein Levels Are Not Affected in Dicer1 KO But Are Upregulated in Nanos2 KO Embryonic Male Germ Cells
The small noncoding RNA pathway controls RNA degradation and translational regulation [32, 34] . Therefore, we analyzed GLP protein expression in Dicer1 hypomorphic mutant mice in which Dicer1 expression is severely impaired [27] . However, GLP protein expression was still very low in the embryonic male germ cells of Dicer1-hypomorphic (À/À) mice (Supplemental Fig. S5) .
The RNA-binding protein NANOS2 has been reported to be expressed in male germ cells after sex determination and has been shown to be involved in posttranscriptional silencing of the genes, which are important for the induction of meiosis in embryonic male germ cells [26] . Interestingly, H3K9me2 is upregulated in Nanos2 KO embryonic male germ cells [26] , suggesting that NANOS2 plays a role in the downregulation of GLP. We performed an IHC analysis of G9a and GLP in Nanos2 KO embryonic male gonadal cells at E15-E16 (Fig. 5  at E16 and not shown at E15). In contrast to G9a levels, which were similar in Nanos2 heterozygous (þ/À) and homozygous (À/À) mutant male germ cells (Fig. 5A, MVH-positive cells) , GLP levels in germ cells were significantly higher in the Nanos2 À/À background (Fig. 5, B and C). These data suggest that NANOS2 is involved in the posttranscriptional repression of GLP in embryonic male germ cells.
DISCUSSION
In the present study, we analyzed the dynamics of H3K9me2 in male germ cells during murine embryonic development. These and other published findings [26] suggest that H3K9me2 in embryonic male germ cells is stably maintained at a low level from approximately E7.5-E7.75 until birth. As previously described, first GLP and then G9a RNA and protein are repressed in PGCs before sex determination [10, 11] . G9a-GLP heteromeric complex formation is essential for G9a-or GLP-dependent H3K9me2 in vivo [21] . Therefore, we suggest that the initial depletion of GLP results in low H3K9me2 levels in PGCs even though G9a is present and that repression of both G9a and GLP would be involved in the subsequent maintenance of low H3K9me2 levels. After sex determination in embryonic male germ cells, GLP protein is still repressed, but G9a protein is derepressed and never downregulated. Thus, this situation is still sufficient for maintaining low levels of H3K9me2 in embryonic male germ cells after sex determination, because the G9a-GLP complex is mostly absent. However, the molecular mechanism or mechanisms of GLP downregulation in embryonic male germ cells seem to differ before and after sex determination. Transcriptional and posttranscriptional regulation likely represent the repressive mechanisms for the former and the latter case, respectively. It is worth noting that the G9a protein level is diminished in GLP KO or Wiz (a gene coding another component of the G9a-GLP complex) knockdown cells [21, 35] , suggesting that G9a is most stable in the G9a-GLP-Wiz complex. Therefore, the absence of a clear reduction of G9a immunostaining signals in the embryonic male germ cells ( Fig.  2A) is unexpected, but high transcriptional induction of G9a may overcome the negative effect of GLP depletion. As a related matter, we do not formally exclude the possibility that   FIG. 3 . RNA expression analysis of GLP in male gonadal germ and nongerm (somatic) cells. RNA was purified from male gonadal germ and nongerm cells at E13, E16, and P0. Expression of GLP (A), G9a (B), and MVH (C) was examined by qPCR. Expression levels in each sample were normalized with that of GAPDH. The qPCR was conducted at least three times, and the results represent the mean 6 SD. The GLP qPCR products were validated by direct DNA sequencing (not shown). *P , 0.05, Student t-test. germ cell-specific epitope alteration could account for the loss of GLP, because the anti-GLP used in the present study is one monoclonal antibody [21] . However, the fact that H3K9me2 level is low in germ cells and substantially increased by the production of exogenous Flag-GLP strongly suggests that downregulation of GLP in the germ cells is real.
POSTTRANSCRIPTIONAL REGULATION OF GLP
What type of mechanism or mechanisms could be involved in the posttranscriptional regulation of GLP in embryonic male germ cells? Studies of the exogenous GLP-expressing TG mice suggest that translational regulation might be involved, because constitutive expression of GLP cDNA without 5 0 -and 3 0 -untranslated regions overcomes (at least in part) the silencing effect in embryonic male germ cells. If this is the case, what type or types of molecule are involved? Our immunostaining analysis clearly suggests that NANOS2 is involved in this regulation. However, mRNA expression of the direct target genes of NANOS2, such as Stra8, is generally increased in Nanos2 KO gonadal cells [34] , and GLP mRNA is unaffected (not shown). Therefore, we currently hypothesize that if NANOS2 does not have a direct repressive function on translation, it negatively regulates an unknown gene X, which somehow represses GLP protein production at the posttranscriptional level.
An involvement of posttranslational regulation, such as an enhancement of protein clearance/degradation, is also possible. The phenotype in GLP-TG mice could be explained from this angle. The exogenous GLP transgene might overcome clearance/degradation, because its expression is much higher than that of the endogenous GLP gene (approximately sixfold higher in TGþ embryonic gonadal cells) (Supplemental Fig.  S4 ). Indeed, it has been reported recently that DNA damage response enhances G9a and GLP degradation in somatic cells and that APC/C Cdh1 ubiquitin ligase is involved in this pathway [36] . However, if both G9a and GLP are direct targets of the ubiquitin-dependent protein degradation pathway as suggested [36] , this mechanism alone cannot explain the embryonic male germ cell phenotype, because only GLP is downregulated in this case.
The ultimate goal of the present study is to elucidate the physiological role or roles of low H3K9me2 levels in embryonic male germ cells. The transgene in the exogenous GLP-expressing TG mice can rescue the GLP KO phenotypes, such as embryonic lethality and severe reduction of H3K9me1 and Hsk9me2 levels (not shown), and this indicates that the expressed Flag-GLP is functional. However, the abovementioned TG mice are fertile, and no clear defect in male germ cell development has been observed thus far even though GLP expression and H3K9me2 levels are higher in embryonic male germ cells. More detailed studies are needed to determine the impact of H3K9me2 and GLP expression on male germ cell development and function. 
